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Introduction
Performance in pitch discrimination tasks is limited by variability in-
trinsic to listeners which may arise from peripheral auditory coding
limitations or more central noise sources. Perceptual limitations may
be characterized by measuring an observer’s change in performance
when introducting external noise in the physical stimulus (Lu and
Dosher, 2008). The present study used this approach to attempt to
quantify the “internal noise” involved in pitch coding of harmonic com-
plex tones by estimating the amount of harmonic roving required to
impair pitch discrimination performance. It remains a matter of de-
bate whether pitch perception of natural complex sounds mostly relies
on either spectral excitation-based information or temporal periodicity
information. Comparing the way internal noise affects the internal rep-
resentations of such information to how it affects pitch discrimination
performance may help clarify pitch coding mechanisms. As training on
frequency discrimination tasks has been found to result in a reduction
of internal noise (Jones et al., 2013), it was also investigated whether
the effect of harmonic roving varied with musical training.
Research questions:
• How much harmonic roving is necessary to impair pitch discrimina-
tion performance? (Experiment 1)
• Does musical training affect how performance varies with roving?
(Experiments 1-2)
• Is the effect of roving the same in low vs. high spectral regions,
where different pitch coding mechanisms and different types of in-
ternal noise limitations may occur (Oxenham and Micheyl, 2013)?
(Experiments 2-3)
Methods
• Fundamental-frequency difference limens (F0DLs) with alternative
forced-choice (AFC) task: “Choose the interval with the higher
pitch.”
• Bandpass-filtered resolved or unresolved complex tones embed-
ded in threshold-equalizing noise with roving of components on an
interval-by-interval basis
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Fig.1 Simplified illustration of stimulus roving. The amount of roving is determined by the standard
deviation of a Gaussian distribution centered on each harmonic frequency, varied between 0% and
16% of the tested F0 (i.e., same standard deviation in Hz applied to all harmonics).
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Introduction
Most natural pitch-evoking sounds are complex harmonic sounds 
whose pitch is related to their fundamental frequency (F0). The low-
numbered harmonics (< 6th) of such sounds are resolved by the 
cochlea and may be coded by the pattern of excitation they produce 
along the tonotopic axis, the temporal fine structure (TFS) inform-
ation corresponding to their individual periodicities, or a combination 
of both place and timing information. The high-numbered harmonics 
(> 12th) interact with neighboring harmonics on the basilar membrane 
and provide no place cues, but can still evoke a pitch sensation when 
presented alone. The pitch of such unresolved harmonics is believed 
to rely exclusively on temporal cues. [Figure 1]
The resolvability and coding of the intermediate harmonics (6th – 12th) 
have remained under debate. Recent findings have suggested that 
the low pitch evoked by such harmonics relied on the use of TFS 
cues, even when all stimulus components lay above 4 kHz and were 
deemed unresolved (Moore et al., 2006; Moore and Sek, 2009; 
Santurette and Dau, 2011). [Figures 1 and 2]
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Research questions
Several studies suggest the use of TFS information:
- even when common measures of resolvability show that the 
components are unresolved (Moore et al., 2006; Santurette and Dau, 2011)
- even when all components lie in spectral regions above 4 kHz
(Moore and Sek, 2009; Santurette and Dau, 2011)
➢ Can we confirm that combination tones were properly masked, 
i.e., rule out the presence of additional spectral indices?
➢ Can we confirm the unresolvability of the stimulus components 
with another method, i.e., confirm the use of temporal cues?
➢ Can we rule out a pure place code  for the low pitch of high-
frequency complex tones consisting of intermediate harmonics?
Implications for pitch coding
Figure 4: Pitch matching results for 5 different 
stimulus configurations.
Left column: monaural presentation, SIN phase. 
Middle column: monaural presentation, ALT phase.
Right column: dichotic presentation, SIN phase. 
The upper row shows results for conditions in which 
CTs were masked, the lower row in which CTs were 
not masked.
The results are pooled results over 6 listeners, 
except for the dichotic condition (4 listeners)
METHOD:
➢ Pitch matching in 6 normal-hearing listeners, whose task was to adjust the F0 of a broadband pulse train (2-10 kHz) until its pitch matches that of the 
reference stimulus. 40 matches per condition per listener were obtained.
➢ Reference stimuli: 5-component inharmonic complex tones in SIN or ALT phase configurations, with center frequencies of 3, 5, or 7 kHz and a center 
component rank of 11.5 [Figure 3]. Components were presented either monaurally all to the same ear or dichotically with odd components in one ear 
and even components in the other ear.
➢ CTs were either masked by broadband pink noise (0.1 – 20 kHz) or audible (upper noise cut-off lowered to 0.7 kHz). The noise spectrum level 
necessary to mask the CTs (13.5 dB/Hz at 1 kHz for fc ≤ 5 kHz, 17.0 dB/Hz for fc = 7 kHz) was determined from the measured CT levels.
A difference in pitch     between SIN and ALT phase configurations       would confirm the use of temporal cues and rule out a pure place code.
➢ The exclusive use of TFS cues for the low pitch evoked by intermediate 
harmonics in high spectral regions could not be confirmed.
➢ Either place or temporal models that combine information across 
frequency and across ears were consistent with the data.
➢ Rate-place representations are limited by the width of the auditory filters 
and by the saturation of the firing rate of auditory-nerve fibers.
➢ Within-channel temporal representations are limited by the amount of 
residual phase-locking to the TFS.
➢ The pitch ambiguity of inharmonic stimuli and the correct pitch locations 
can be predicted from the combination of temporal envelope information 
across frequency channels:
- even in the absence of well defined excitation-pattern ripples;
- even in the absence of phase-locking to the TFS.
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Figure 1: Resolvability and coding options of the harmonics of a 
complex tone as a function of harmonic number
The conclusions of Santurette and Dau (2011) [Figure 2] rely on the 
assumptions that combination tones (CTs) were properly masked and 
that the stimulus components were indeed unresolved. If place cues 
remained available, a place model of pitch perception could have 
predicted the observed pitch ambiguity.
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Figure 2: Summary of Santurette and Dau's (2011) findings, consistent 
with the idea that the pitch of intermediate harmonics relies on TFS cues.
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METHOD:  Beat-cancellation method (e.g., Goldstein, 1967) to 
estimate the level of the most prominent CT in 5 listeners.
STIMULI: 5-component complex tones as in Santurette and Dau 
(2011) [Figure 2], in two starting-phase configurations [Figure 3]
Figure 3: Temporal wave-
forms (upper panel), mag-
nitude spectra (middle pa-
nel), and configuration of 
starting phases (lower pa-
nel) of the 5-component 
complex tones used in 
this study. Two phase con-
figurations were used: 
components in sine phase 
(SIN, left column) and 
alternating phase (ALT, 
right column).
The presentation levels of 
the individual components 
are indicated in the middle 
panel.
”CT” indicates the fre-
quency of the most pro-
minent combination tone.
(e) Dichotic presentation, masked CT
intermediate
RESULTS: CT level on average 4.4, 4.1, and 11.5 dB below that of 
the lowest component for center frequencies (fc) of 3, 5, and 7 kHz, 
respectively → CTs properly masked in Santurette and Dau (2011) 
for fc ≤ 5 kHz but maybe audible in some listeners for fc ≥ 6 kHz.
RESULTS [Figure 4]
Phase effects
➢ Pitch matches cluster around the same frequencies for SIN and ALT 
phase configurations [Figure 4, compare left and middle columns]
➢ For unresolved components, ALT phase stimuli are known to elicit a 
pitch about one octave higher than that of the corresponding SIN 
phase stimuli (Shackleton and Carlyon, 1994)
→ The unresolvability assumption could not be confirmed
→ The use of temporal cues could not be confirmed
→ Both a temporal and a place code are consistent with the results
Monaural vs. dichotic presentation
➢ Pitch matches cluster around the same frequencies for monaural 
and dichotic presentation [Figure 4, compare left and right columns]
➢ A pitch about one octave higher in the dichotic condition than in the 
monaural condition would have implied the use of temporal cues 
(Bernstein and Oxenham, 2003)
→ The use of temporal cues could not be confirmed
→ The results are consistent with a place code, but do not rule out 
 the use of temporal information
Effects of CT audibility
➢ The absence of masking noise gave rise to pitch shifts in line with 
those expected due to CT audibility (Smoorenburg, 1970)
➢ There was a shift in pitch preference between the different ambi-
guous pitches towards lower pitches in the ”audible CT” conditions
➢ The use of masking noise did generally not affect pitch salience. If 
anything, it might enhance the low pitch (see results for fc = 7 kHz)
→ A salient low pitch can still be evoked when CTs are properly 
 masked, even when all stimulus components lie above 4 kHz
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between monaural and dichotic presentation
The experimental search for the use of temporal cues was inconclusive. 
Auditory modeling can help to point out plausible coding mechanisms.
➢ Stimuli fed through peripheral auditory models outputting timing 
information at the cochlea output as a function of place
➢ Four different schemes to evaluate the influence of peripheral tuning 
and of the degree of preservation of TFS information [Figure 5]
Figure 5: Four peripheral modeling schemes:
- GTTFS: Gammatone filterbank and preservation of TFS information
- GTLP1000: Gammatone filterbank and progressive loss of TFS information 
- TWLP1000: Traveling-wave model and progressive loss of TFS information
- TWENV: Traveling-wave cochlear model and total loss of TFS information
Figure 6: Three internal profiles of the stimuli described in Figure 3, derived 
using each of the four peripheral modeling schemes described in Figure 5.
Internal spatiotemporal representations used to derive 3 profiles [Figure 6]:
➢ ”Rate”-place (RP): Overall activity (rms/channel) as a function of CF
 → Allows correct pitch predictions (via pattern matching) provided the 
   auditory filters are sharp enough and nerve fibers are not saturated
➢ Summary autocorrelation function (SACF): Autocorrelation in 
individual channels then sum across CF (e.g., Meddis and Hewitt, 1991)
 → Allows correct pitch predictions provided there is sufficient residual 
   phase-locking to the TFS
➢ Mean absolute spatial derivative (MASD): Derivative across CF then 
temporal integration (e.g., Shamma, 1985; Cedolin and Delgutte, 2010)
 → Allows correct pitch predictions with or without phase-locking to the 
 TFS, also in the absence of well-defined rate-place representations
Fig.2 Harmonic resolvability and available cues for pitch extraction as a function of harmonic
number.
1: Musicianship/Resolvability
Methods:
F0DLs as a function of harmonic roving:
• 13 normal-hearing listeners (7 musicians and 6 non-musicians)
• 3-AFC task, weighted up-down tracking rule (75%)
• Complex tones bandpass-filtered between 1.5 and 3.5 kHz
• Resolved condition: F0=300 Hz (audible harmonics 5-13)
• Unresolved condition: F0=75 Hz (audible harmonics 17-55)
Results:
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Fig.3 Mean F0DLs as a function of harmonic roving (in %F0) over 7 musicians (Mus, circles) and
6 non-musicians (NoMus, squares), for complex tones bandpass-filtered between 1.5 to 3.5 kHz
containing resolved harmonics (Res, black symbols) or only unresolved harmonics (Unres, white
symbols). Error bars depict the standard error of the m an.
Discussi n
Effect of harmonic roving on F0DLs
• Performance unaffected up to a certain roving amount and progres-
sively worse above (Fig.3)
– Internal (additive) noise limits performance up to ca. 6% roving
– External (mutiplicative) noise limits performance above this value
Influence of musical training
• Better performance with musicianship
– For both resolved and unresolved conditions (Figs.3-4)
– Longer musical experience leads to even better performance (Fig.4)
– Consistent with an overall reduction of additive internal noise with
musical training
• Musicianship does not affect the amount of roving necessary to affect
performance
– Musicians not more robust to external stimulus degradations than
non-musicians in terms of place or periodicity cues
– Suggests frequency selectivity is independent of musical training
• Thresholds below 1 semitone (ca. 6%F0) in the HF resolved condition
(Fig.4)
– Confirms that complex pitch does exist when all audible compo-
nents are above 6 kHz (Oxenham et al., 2011)
F0DLs in l w vs. igh spectral regions
• Similar effect of roving in both spectral regions (Fig.4)
– Suggest similar robustness to external noise in both regions
• Overall worse performance in HF region than in LF region (Fig.4)
– Resolved case: may be due to a loss of temporal fine-structure (TFS)
cues, while place cues remain available
– Unresolved case: due to a loss of TFS cues and/or a sluggishness of
temporal envelope coding with increasing envelope repetition rate
Comparing F0DLs and FDLs for individual harmonics
• Effect of roving on FDLs dependent on spectral region (Fig.5)
– LF: FDLs largely independent of F and increase as s on as roving
introduced
– HF: Increasing FDLs with F, l ttle roving effect up to a certain amount
– Suggests different mechanisms for pitch discrimination of pure
tones at low vs. high frequencies
• F0DLs not consistent with optimal integration of information across
harmonics in LF region, more so in HF region
– Consistent with performance being limited by different sources of
internal noise in LF (possibly central noise) and HF (possibly periph-
eral noise) regions (Oxenham and Micheyl, 2013)
2: Spectral region/Resolvability
Methods:
F0DLs as a function of harmonic roving:
• 4 normal-hearing listeners, all 8+ years of formal musical training
• 2-AFC task, weighted up-down tracking rule (75%)
• Spectral region 1.5-3.5 kHz (LF) or 7.5-17.5 kHz (HF)
• Resolved condition: F0=300 Hz (LF) or 1500 Hz (HF) (harm. 5-13)
• Unresolved condition: F0=75 Hz (LF) or 375 Hz (HF) (harm. 17-55)
Preliminary results:
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Fig.4 Mean F0DLs as a function of harmonic roving (in %F0) over 4 musicians, for complex tones
bandpass-filtered in a low-frequency (LF: 1.5-3.5 kHz, down triangles) or high-frequency regio (HF:
7.5-17.5 kHz, up triangles) containing resolved harmonics (Res, black symbols) or only unresolved
harmonics (Unres, white symbols). Error bars depict the standard error of the mean.
3: Individual harmonics
Methods:
Frequency difference limens (FDLs) as a function of roving:
• 2 normal-hearing listeners, both 8+ years of formal musical training
• 2-AFC task, weighted up-down tracking rule (75%)
• Pure-tones at 1.5, 2.4, 3.3 kHz (harmonics 5, 8, 11 for LF region)
• Pure-tones at 7.5, 12.0 kHz (harmonics 5, 8 for HF region)
• Roving applied to nominal frequency F
Preliminary results:
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Fig.5 Mean FDLs as a function of harmonic roving (in %F) over 2 musicians, for pure tones with
nominal frequencies corresponding to harmonics 5 (black symbols), 8 (gray symbols), and 11 (white
symbols) of the complex tones used in Experiment 2 for the LF region (down triangles) and the HF
region (up triangles).
Conclusions
• The results demonstrate a systematic relationship between pitch
discrimination performance and stimulus variability that could be
used to quantify the internal noise and provide strong constraints
for physiologically-inspired models of pitch perception.
• They are consistent with a reduction of internal noise, but no better
spectral or temporal resolution, with musical training.
• They suggest differences in pitch mechanisms, or in the limitiations
to these mechanisms, at low and high frequencies.
• Ongoing work will compare how an excitation-pattern based place
model and an autocorrelation based temporal model of pitch per-
ception can account for the present data.
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